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Introduction 43
Notch proteins are receptors in a juxtracrine signaling pathway that influences numerous 44 developmental patterning decisions 1,2 . Dysregulation of Notch signaling contributes to the 45 pathogenesis of many human cancers, including T-cell acute lymphoblastic leukemia, a disease 46 in which activating mutations of human Notch1 are well established oncogenic drivers [3] [4] [5] . 47
Notch signaling is initiated by ligand binding, which induces proteolytic liberation of the 48 intracellular portion of Notch (NICD) into the cell, where it enters the nucleus to activate 49 transcription. In the nucleus, it forms a Notch transcription complex (NTC) with the sequence 50 specific DNA binding protein RBPJ (also known as CSL) and a transcriptional coactivator of the 51
Mastermind-like (MAML) family [6] [7] [8] . The mechanisms by which NTC genomic binding activates 52 transcription are an active area of study. 53 MAML proteins are required for transcription of mammalian Notch target genes, 54
highlighting the importance of studying MAMLs to understand the transcriptional response to 55 Notch activation 8 . In human MAML1, residues 13-74 directly interact with RBPJ and NICD, but 56 the remainder of the 1016 amino acid long protein is poorly characterized 9 . C-terminal 57 truncations of MAML1 have dominant-negative activity, presumably because these fragments 58 bind the NTC but cannot interact with the other co-regulators that it is responsible for 59 recruiting 8,10 . These findings have motivated further characterization of the function of the 60 remaining C-terminal portion of MAML1, in order to identify what co-factors it recruits, and 61 how these partners contribute to transcriptional activation. 62
Prior studies suggest that MAML1 has two regions that contribute to transcriptional 63 activation. A GST fusion protein with the first region (TAD1), which includes residues 75-301, 64 binds to p300 recovered from nuclear extracts, and a MAML1 1-301 fragment, which includes both 65 the region required for NTC entry and TAD1, is sufficient to stimulate transcription from an in 66 vitro chromatinized template 11 . However, it is not clear that MAML1 is directly responsible for 67 recruiting p300 to the genome, as ChIP-PCR of the HES1 locus showed p300 at the promoter in 68 the absence of Notch activation and before NTC binding 12 . In addition, a similar fragment, 69 MAML1 1-300, acts as a dominant-negative protein in reporter assays, further complicating 70 interpretation of how p300 binding is related to transcriptional induction by NTCs 10 . The 71 remaining C-terminal portion of MAML1 (TAD2) is not required for transcription in vitro, but is 72 required in cells 11 . One line of investigation has suggested that this part of MAML1 is required 73 for recruitment of cyclin C:CDK8 complexes (and thus, the kinase module of the mediator 74 complex), thereby promoting phosphorylation of NICD, but how these activities are coordinated 75 and how they contribute to target gene expression remain incompletely understood 12 . 76
Such mechanistic studies looking at regulation of Notch responsive genes have centered 77 on canonical targets such as HES1, which is regulated by promoter proximal Notch binding 12 . 78
Most cell type-specific Notch-responsive genes, however, are regulated by binding of Notch 79 transcription complexes to distal enhancers [13] [14] [15] [16] . The conflicting requirements reported for 80 different MAML1 activities in vitro, in cells, and in organisms highlight the importance of 81 studying Notch function in physiologically relevant cellular systems, and suggest that more 82 expansive approaches could uncover different roles for MAML binding at other genomic loci. 83
Here, we have interrogated the function of MAML1 fragments in regulating Notch-84 dependent gene expression in Jurkat T-ALL cells, examining established target genes regulated 85 by either promoter proximal Notch binding or distal enhancer binding. We greatly extend prior 86 work by creating MAML1-knockout cells and by using them to show that a form of MAML1 87 lacking residues 151-350, a region that overlaps TAD1, is defective in rescuing Notch target 88 gene expression in MAML1 knockout cells. Furthermore, we establish that reduced target gene 89 expression is accompanied by a decrease in H3K27 acetylation, consistent with the importance 90 of the excised 151-350 region for p300 recruitment. However, when the Notch binding region of 91 MAML1 is fused to the HAT domain of p300, the fusion protein is able to rescue expression of 92 HES4, the proximal-promoter regulated gene, but not DTX1, the enhancer regulated Notch target 93 gene, suggesting that an additional activity of MAML1 is needed for gene induction at this locus. 94
Together, these studies establish the functional importance of the MAML1 151-350 region for 95
Notch-dependent transcriptional induction, and reveal differential requirements for MAML1-96 dependent recruitment activities at different Notch responsive loci, highlighting the molecular 97 complexity of NTC-stimulated transcription. To investigate MAML structure-function relationships, we turned to the Jurkat T-ALL 104 cell line because it has a juxtamembrane insertion in Notch1 that renders the protein 105 constitutively active, but does not depend on Notch activity for survival 5,17 . Furthermore, the 106 constitutive activity of the mutated Notch1 protein in these cells relies on gamma-secretase 107 cleavage for release from the membrane, allowing us to use a well-established gamma secretase 108 inhibitor (GSI) washout assay 18 to toggle between Notch-off (GSI) and Notch-on (washout) 109 states. With this approach, we confirmed that HES4 and DTX1 are direct Notch target genes in 110 these cells by RT-qPCR ( Figure 1a ). Expression of each of these genes is suppressed by GSI 111 treatment and restored upon inhibitor washout, a characteristic feature of Notch target genes. 112 113 Next, we determined the transcript abundance of the three human MAML proteins in 114
Jurkat cells by RT-qPCR. MAML1 transcripts are much more abundant in these cells than are 115 MAML2 and MAML3 (Figure 1b In order to elaborate structure-function relationships, we created a series of truncation 141 and internal deletion mutations of MAML1. We first assessed the conservation, predicted 142 disorder, and charge distribution in MAML1. Residues 13-74 of MAML1 interact directly with 143 Notch1 and RBPJ, forming the Notch transcriptional activation complex 9,20,21 . This N-terminal 144 region is also more highly conserved and predicted to be more ordered than the remainder of the 145 protein ( Figure 2 ). There are two other acidic segments that are both conserved and predicted to 146 be ordered, 263-276 and 990-1016. The C-terminal segment has been reported to associate with 147 the human papilloma virus E6 protein, but precise functions for these regions have otherwise not 148 been assigned 22 . The remainder of the MAML1 sequence is predicted to be disordered ( for HES4). MAML1 581-930 rescues expression for HES4, but not for DTX1, suggesting different 178 requirements for the C-terminal portion of MAML1 for different genes. 
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MAML1 1-150 p300HAT fusion partially rescues target gene expression 243
To determine if gene expression could be restored by artificial recruitment of histone 244 acetyltransferase activity, we created a fusion of MAML1 to the p300 histone acetyltransferase 245 (HAT) domain. We linked the N-terminal 1-150 amino acids of MAML1, containing the NLS 246
and Notch binding region, to the p300 HAT domain (Figure 6a ). We created a stable cell line in 247 which this fusion was expressed in MAML1 KO cells, and measured Notch target gene 248 expression. This fusion rescued 77% of HES4 expression. Importantly, this rescue of target gene 249 expression was suppressed in the presence of GSI, indicating that rescue by the MAML1-HAT 250 fusion is dependent on the presence of intracellular Notch (Figure 6b ). The MAML1-HAT 251 fusion, however, did not measurably rescue expression of DTX1 (Figure 6c) . 252
253
Discussion 254
In this work, we have shown the requirement of amino acids 151-350 for MAML1 255 function in both reporter assays and at endogenous loci in Jurkat cells. This finding is consistent 256 with previous work identifying TAD (residues 75-301) as required for transcription. 257
Interestingly, previous work has shown that the p300 interaction region of MAML1 residues in a 258 proline rich motif within amino acids 81-87, which is retained in our MAML1 151-350 construct. 259
Because MAML1 151-350 cannot support histone acetylation at Notch responsive binding sites, 260 our data suggest that binding of MAML1 to p300 through the previously defined site (i.e. 261 residues 81-87) is not sufficient for it to stimulate histone acetylation 23 , and that additional 262 segments of MAML1 beyond the previously reported p300 binding site are required for 263 recruiting p300 acetyltransferase activity. Interestingly, lysine residues in the 151-350 region of 264 MAML1 can be acetylated by p300, suggesting the existence of a more complex interplay 265 between MAML1-p300 binding and enzymatic activity than previously appreciated 23 each biological replicate, with the three biological replicates indicated by a different point shape.
274
We also showed that direct fusion of the MAML1 N-terminus to the p300 HAT domain 275 could rescue expression of HES4, but not DTX1. HES4 is regulated by promoter-proximal NTC 276 binding, while DTX1 is regulated by an intronic enhancer approximately 31 kB downstream. 277
Previous studies tethering the p300 HAT domain to dCas9 have also found that gene activation 278 through recruitment of p300 to enhancers is less robust than activation from promoters 24 . It is 279 intriguing to consider how different Notch-responsive genes have encoded different requirements 280 control-treated conditions were then recovered by centrifugation (300 g, 5min) . Cells were then 298 subjected to three cycles of resuspension in RPMI followed by recentrifugation to remove the 299 GSI or DMSO. Cells were harvested for analysis 4 hours after GSI or DMSO washout. 300
301
Cloning 302
A guide sequence (GCGGTCATGGAGCGCCTTCGC) for CRISPR targeting of MAML1 was 303 cloned into the LentiV2 vector using the Esp3I restriction enzyme. The various MAML1 304 truncation constructs were subcloned into the MigR1 vector using restriction sites for XhoI and 305
NcoI. The resulting cDNAs eliminated the IRES site for expression of GFP, and instead encoded 306
MAML1-GFP fusion proteins directly. 307
The MAML1-HAT fusion protein was cloned into the MigR1 vector using the same sites, also 308 generating a C-terminal GFP fusion protein. then 10 L of 5X SDS loading buffer was added. Samples were run on 8% Tris-Glycine Novex 341 gels (Invitrogen) at 150V for 2 hrs, until the 75 kDa marker was at the bottom of the gel. 342
Samples were ponceau stained to verify equal loading, and blotted with CST V1744 activated 343
Notch antibody (4147). 344
345
RT-qPCR 346
RNA was harvested from 1,000,000 cells using the RNEasy Kit (Qiagen). 1 g of total RNA was 347 used as input for cDNA synthesis, using the iScript kit (Bio-Rad). qPCR was performed using 348
PowerUp SYBR Green Master Mix (Thermo Fisher) in a 10 L total reaction with 0.25 M 349 forward and reverse primers, with 2 technical qPCR replicates per condition. Primer sequences 350 are listed in Supplementary Table 1 20mM Tris pH 8, 500mM NaCl), LiCl and TE washes, then eluted in SDS/NaHCO 3 elution 371 buffer. Reverse crosslinking and proteinase K (NEB) treatment were performed to release the 372 bound DNA, which was recovered by ethanol precipitation. qPCR was performed as described in 373 the RT-qPCR section above. Primers for qPCR are listed in Supplementary Table 1 . Cq values 374
were converted into percent input by comparing to a 1% input sample. In order to show 375 biological replicates on the same scale, % input was normalized to WT Jurkat cell = 1 within 376 each replicate. 
